The purpose of this study is to investigate the in vitro effect of thalidomide and rhGM-CSF on energy metabolism rate in HL-60 cell lines. HL-60 cells were incubated with radiolabelled glucose for 4 hours. Following incubation, radiolabelled CO2 was isolated and collected in specially designed scintillation vials. The other end-products of carbohydrate catabolism collected via anion-exchange chromatography were analyzed using liquid scintillation. Protein and glycogen levels for each group were also determined. The study results indicated that the use of drugs for 2-days had no significant effect when compared with aerobic and anaerobic controls. However, groups treated with the drugs for 5 days showed significant differences. It was obvious that rhGM-CSF caused HL-60 leukemia cells to use aerobic glycolytic pathway for production of energy. When thalidomide and rhGM-CSF combination therapy results were compared with untreated control cells, it was observed that glycogen consumption was decreased by 50.37%, and CO2 production was increased by 94.03%. When compared with those of anaerobic controls, glycogen consumption and CO2 production rates were found to be decreased by 54.01% and increased by 96.59%, respectively. As a consequence, we found that those cell lines treated with combined use of Thalidomide and rhGM-CSF caused HL-60 leukemia cells to predominantly prefer aerobic glycolytic pathways for energy production.
INTRODUCTION
Every cell including cancer cell must find out the vital substances and generate energy via metabolizing them to be able to survive and grow. 1 Tumors utilize the same basic metabolic pathways as normal tissues, but some changes in a tumor's microenvironment lead to protective metabolic adaptation. [2] [3] [4] These metabolic changes may primarily appear in energy production pathways in neoplastic cells. 5, 6 In the presence of oxygen, the oxidative phosphorylation pathway is active instead of anaerobic glycolysis in normal cells. In the absence of oxygen, to overcome the requirements of cell metabolism, the cells tend to use anaerobic glycolytic pathway, which is a quicker way to generate energy. It is physiologically logical and commonly called the Pasteur Effect. [7] [8] Although hypoxia has a major potency on normal metabolic pathways, it is not the only factor influencing tumor metabolism. Tumor cells are directed to the anaerobic glycolytic pathway even in the presence of oxygen, which is actually an inefficient pathway for ATP production of each mole of available glucose. This, so called the Crabtree Effect, showed that where glucose is high concentration in medium, tumors decrease availability of oxygen. By this way the Crabtree effect gives some advantage to tumor cells. First, tumor cells spare their other endogenous fuel in the presence of abundant glucose. Second, this effect results in the maintenance of ATP production without increasing oxidative metabolism and the associated production of free radicals. In addition, the accumulation of some intermediate metabolites, such as serine, phosphoribosyl-pyrophosphate, fructose 1,6-bisphosphate, and glycerol 3-phosphate, can trigger the mitogenic events. [9] [10] [11] Although the alterations of glucose utilization and hypoxia in tumors are complicated biochemical processes, their clinical reflections will be a cornerstone on the therapeutic approach. Therefore, the data regarding the Pasteur Effect or the Crabtree Effect on tumor cell lines may help to evaulate the success of a given treatment. [12] [13] Since virtually all malignancies are associated with defects in differentiation, reestablishing differentiation programs may lead to the cessation of tumorigenic self-renewal and elimination of the malignant clone. It was shown that combining cell cycle inhibitors with myeloid growth factors induces terminal differentiation of resistant myeloid leukemias.
14 Thalidomide has potent antiangiogenic activity and encourages the host to resist tumor cell invasion, inhibits the ability of the tumor spread to trigger blood vessel growth, and disrupts cell cycle in lower doses. 15 This study is aimed to investigate how thalidomide and recombinant granulocyte macrophage colony stimulating factor (rh-GM-CSF) therapy for 2 and 5 days affects the energy metabolism of HL-60 acute promyelocytic leukemia cells while inducing terminal differentiation of leukemia cells.
MATERIALS AND METHODS
This study was performed with the collaboration of Kırıkkale University School of Medicine Department of Biochemistry and Clinical Biochemistry and Gulhane School of Medicine Department of Hematology.
Chemicals and Biomaterials: D-(6-C14) Glucose was purchased from Amersham Company and hexokinase and glucose-6-phosphate dehydogenase enzymes were from Boehringer. All other chemicals used were of analytical grade. HL-60 acute promyelocytic leukemia cells were provided by Memorial SloanKettering Cancer Center NY, and maintained at 37 0 C in a 5% CO2 environment and supportive medium of RPMI 1640 supplemented by fetal calf serum 10%, 2 µM L-Glutamine, 100 µg/mL streptomycine and 100 U/ml penicilline.
Thalidomide was provided from Celgene Company, Warren NJ. NewYork USA, whereas rhGM-CSF was obtained from Novartis Leucomax (molframostim) in vials of 300 µg. Thalidomide was dissolved in dimethyl sulfoxide (DMSO) and stored at -20 0 C until use and diluted in culture medium with < 0.1% DMSO immediately before use.
Radioactive incubation and analysis of products:
Radioactive incubation was performed by glucose in which the sixth carbon was labelled with radioactive Carbon 14, known as (D-(6-C14) Glucose. Before the incubation procedure, the HL-60 cell culture was grown to produce an adequate quantity of cells, and separated into nine parts. Two sets of three parts were treated with each of the following chemical(s): thalidomide (50 µM), rh-GM-CSF (200 U/ml) and thalidomide (50 µM) + rh-GM-CSF (200 U/ml) combination. They were given respectively to first set for two days and another set for five days. One of the remaining three parts was the aerobic control group, the second was for the anaerobic control group after KCN (Potassium cyanide) addition, and the last part was used to determine the initial glycogen and protein levels found in the cells.
Measurements were performed in seven cell cultures in every groups. All prepared cell cultures were incubated with radiolabelled glucose for 4 hours in a specially designed chamber at 37 0 C. Incubated cell cultures catabolized externally available radioactive glucose through glycolysis converting it into products which include lactate, acetate and pyruvate. Following incubation, the generated radioactive CO2 was collected in scintillation vials via nitrogen gas. After that radioactive CO2 was measured in gamma counter and results were calculated. Then, the content was separated as supernatant layer and pellets.
By using the supernatant layer, the end-products of glycolysis (lactate, acetate and pyruvate) were collected in scintillation vials by anion-exchange chromatography, and were analyzed using standard graphics in Microsoft Excel.
In the pellets, the protein content was determined by the modified Lowry Method 16 and glycogen content by Hassid and Abraham's Enzymatic Method. 17 Glucose concentrations in the supernatant layer were measured enzymatically by a glucose oxidase method. 18 Glycogen consumption and CO2 production for each gram of protein were calculated by using the data obtained from the measurement of glycogen and protein found in the pellets.
Statistical Analyses: Statistical analysis of the data was done with 9.0 SPSS Package programme for computer. Kruskal-Wallis and Mann Wittney U tests were used for the difference between groups. p < 0.05 was assumed to be significant. 
RESULTS
In our study, both the glycogen consumption and production of CO2 and lactate were assessed in HL-60 acute promyelocytic leukemia cells that were under thalidomide (50 µM), rhGM-CSF (200 U/ml) and thalidomide + rh-GM-CSF treatment for 2 and 5 days (Table 1) .
When glucose-C14 was utilized by leucocyte cells in aerobic conditions, the level of CO2 was found 88.9% through the measurement of radioactive labelled end-products. This level decreased to 6.1% and meanwhile the utilization of stored glycogen (2660 versus 1027 pmol glucose/h/µg protein) and production of lactate (81.35 versus 6.47 pmol glu/h/µg prt) increased in HL-60 leucemic cell culture inspite of presence of oxygen. Anaerobic glycolysis was also determined to be more predominant in both leucocyte cell culture and HL-60 cells when KCN was added to provide anaerobic conditions (Table 1) .
When untreated HL-60 cell culture was compared with the cells that were treated with the drugs for 2 days, the difference was not significant in terms of glycogen consumption and production of CO2 and lactate (p > 0.05). But interestingly, the difference became more remarkable when the untreated cells were compared with the cells treated with drugs for 5 days (glycogen consumption, p = 0.002; production of CO2 and lactate, p = 0.018) ( Table 1 ).
In the case of drug use, combination therapy was observed as more efficient than single drug therapy (glycogen consumption, p = 0.0003; production of CO2 and lactate, p = 0.0003) The combination of Thalidomide and rh-GM-CSF for 2 days caused the CO2 levels to reach the rate close to the level found in the aerobic HL-60 controls. Moreover, when combination therapy were used for 5 days, the CO2 levels increased by several orders of baseline level.
However, in the cells treated with only rh-GM-CSF for 2 or 5 days, the most interesting result was the increase in lactate production and the decrease in CO2 production when compared with Thalidomide (p = 0.0003) or combination of these drugs (p= 0.0003).
DISCUSSION
Cancer cells often exploit different metabolic pathways as compared with those used by normal cells.
Oxygen level and nutrient concentration are normally the major core factors in the exact metabolic pathway. The decreasing tissue oxygenation converts the metabolism of normal or cancer cells from aerobic pathway into anaerobic glycolysis. This condition, called the Pasteur Effect, can accelerate the consumption of glycogen and lipid stores. Warburg first reported in 1930 that cancer cells possessed anaerobic glycolysis in high degree than expected. In the Crabtree Effect, observed in cancer cells, substrate concentrations become more determining factor in the selection of the metabolic pathway; so the nutritionally adequate substrates direct the cancer cell to anaerobic glycolysis. In this metabolic process, one mole glucose breaks into lactate eventually and the net gain would be 2 moles of ATP. The main advantage of anaerobic glycolysis is to obtain ATP at a faster rate through a simpler process. 4 However, when resources become scarce, aerobic pathway, being about 18-19 times more efficient than anaerobic pathway, becomes the principal choice for energy production, even though it is a more complicated process and takes longer. By this way, tumor itself slows down the metabolism and the rate of cellular division. At this point, recent studies focused on metabolic switch of the nature of cancer cells and on their clinical relevance as therapeutic target. [19] [20] Our study plainly revealed the decreasing level of CO2 in HL-60 leucemic cells in spite of the presence of the oxygen. These results substantially indicated that leukemic cells used anaerobic glycolytic pathway primarily.
The ratios of radiolabelled glucose catabolized into CO2 or lactate were compared after challenge of HL-60 leukemic cells by two different drugs for 2 and 5 days. Data obtained after a 2-day-drug challenge showed that there was no difference between the treatment groups. On the contrary, groups treated for 5 days with the different drugs showed significant differences from both the anaerobic and aerobic situations.
In the HL-60 cell cultures under aerobic conditions, glycogen utilization was 2660 pmol glucose /h/µg protein and CO2 production was 6.16% of total end products. In the group challenged with rhGM-CSF given for 5 days, glycogen utilization decreased to 2150 pmol glucose /h/µg protein, with the increase of CO2 production up to 22.56%. These results indicate that HL-60 leukemic cell cultures were metabolised predominantly via aerobic glycolysis in the presence of rh-GM-CSF when compared with aerobic controls.
In the case of thalidomide use for 5 days, glycogen utilization was found depleted by 42.8%, but CO2 production increased by 89.8% in the HL-60 leukemic cell cultures compared with those of the aerobic controls. This suggests that thalidomide directs HL-60 leukemic cell cultures into aerobic glycolysis more effectively than rh-GM-CSF does.
When the results of drug-free aerobic controls were compared to those of the thalidomide and rh-GM-CSF combination group, glycogen consumption and CO2 production were lowered by 50.3% and increased by 94.0%, respectively. Combining thalidomide treatment with the rh-GM-CSF also leads cell culture lines to metabolize to a significant extent by aerobic glycolysis.
It is evident that aerobic glycolysis is dominant in normal leukocytes. [4] [5] [6] However, we determined that anerobic glycolysis was the dominant energy production method in HL-60 leukemic cell cultures. According to our results, thalidomide, at cell cycle inhibition doses, rh-GM-CSF, and a combination of both drugs were forcing the HL-60 cells into aerobic glycolysis. Then, we investigated how these drugs changed energy metabolism of HL-60 leukemic cells, transforming into aerobic glycolysis. The differentiating effect of this combination may relate to the fact that thalidomide induced cell cycle arrest occurs at the G1 phase in the mitotic cycle. Our data suggest that rh-GM-CSF in combination with the thalidomide, cell cycle inhibitor, acts synergistically with respect to tumor cell differentiation. Induction of terminal differentiation by the combination of cell cycle inhibitors and the growth factors has been demonstrated to have potent anti-leukemic activity, and may be clinically useful in treating this incurable disease. This conclusion suggests that, detailed investigations should be initiated to study whether this effect might be due to enzymatic activity at the control points of glycolysis, or to the other factors as yet unknown.
